Various yeasts, both conventional and exotic ones, are known to produce compounds useful to mankind. Ethanol is the most known of these compounds, but more complex molecules such as amphiphilic biosurfactants can also be derived from eukaryotic microorganisms at an industrially and commercially relevant scale. Among them, glycolipids are the most promising, due to their attractive properties and high product titers. Many of these compounds can be considered as secondary metabolites with a specific function for the host. Hence, a dedicated biosynthetic process enables regulation and combines pathways delivering the lipidic moiety and the hydrophilic carbohydrate part of the glycolipid. In this Review, we will discuss the biosynthetic and regulatory aspects of the yeast-derived sophorolipids, mannosylerythritol lipids, and cellobiose lipids, with special emphasis on the relation between glycolipid synthesis and the general lipid metabolism.
Microorganisms are capable of producing various compounds that are being used in our everyday life for over decades. Yeasts, being unicellular, free of endotoxins, and amenable to genetic manipulations, deserve particular attention in development of biotechnological processes. Besides simple molecules such as ethanol, yeast species are also recruited for production of more complex compounds including the ones derived from the cell lipid metabolism. Due to the advances in lipidomics field driven by genetic engineering and improved analytic methods, not only the role of lipids and their precursors in cells is being increasingly recognized, but also a pallette of new-to-nature industrially relevant compounds is being produced. Various yeasts display different capacities to store lipids. The ones that can accumulate lipids to over 20% of the cell dry weight are called oleaginous. These organism are generally nonpathogenic and their stored lipid profile is similar to vegetable oils and fats. Although yeast lipid metabolism can directly be tuned as a production machinery for both biofuels and non-fuel-oil-derived compounds such as waxes, plastics, and surfactants, it is still highly challenging for industrial biotechnology to compete with petroleumderived chemicals. However, microbial surfactants (biosurfactants) are the perfect example of a class of molecules for which joint effect of tremendous work on improving fermentation processes and fundamental research have brought them to commercialization or close to this.
Biosurfactants fall into a structurally divers group of amphiphilic molecules able to lower the surface tension [1] . The best studied and commercially most important biosurfactants are glycolipids: they are lowmolecular-weight molecules that comprise of a carbohydrate as a hydrophilic head group and a long-chain fatty acid as a hydrophobic tail. They are produced by various yeasts and bacteria (Table 1 ) and display several advantages over their chemically produced counterparts, for example, better environmental compatibility, biodegradability, lower toxicity, higher foaming capacity and optimal activity at extreme Abbreviations ACL, ATP citrate lyase; CBLs, cellobiose lipids; CMC, critical micelle concentration; ICDH, isocitrate dehydrogenase; MELs, mannosylerythritol lipids; SLs, sophorolipids; UAS, upstream activating sequence; UDP, uridine diphosphate.
conditions of temperatures, pH levels, and salinity, as well as production from renewable resources [2] . Besides their excellent emulsifying and solubilization properties and thus potential applications in bioremediation of polluted soil, cleaning, and food industry [3] , glycolipid biosurfactants display certain antiviral, antibacterial, and antifungal activities [4] .
Structural and microbial origin diversity, on one hand, opens up the broad application potential of these molecules and, on the other hand, makes it difficult to generalize about their natural role in the growth of producing organism. Although not fully understood, there are several hypothetical ways to explain the natural function of yeast glycolipids. First, their amphiphilic nature makes them suitable to facilitate the attachment and subsequent transport of water-insoluble substrates into the cell [14] . Second, biosurfactants aid in the environmental adaptation of microorganisms. It is believed that because of their reducing surface tension properties, biosurfactants participate in microbial mobility that helps in finding better environment for growth, reproduction, and colonization, and they are useful as osmotic pressure relief [15] . Glycolipids can also be used as extracellular carbon stock, because carbon conversion to glycolipids makes it less available for other microorganisms [14] [15] [16] . Third, they are employed in the biological warfare against competitors in the immediate environment by virtue of their antimicrobial activity. These characteristics and the fact that glycolipids are natural, low-molecular-weight molecules not participating in the central metabolism of a living cell point to their role as secondary metabolites.
Glycolipid secondary metabolite biosynthesis mainly occurs under conditions of nitrogen starvation or a high C/N-ratio. While primary metabolism genes are distributed across the genome, genes involved in the synthesis of secondary metabolites are usually organized in clusters [17] , facilitating the activation and regulation. It was also suggested that cluster organization can be advantageous for horizontal gene transfer among different species and can guarantee the transfer of complete biosynthesis pathways [18] . The genes involved in the biosynthesis of yeast glycolipids are excellent examples of such a cluster organization. This manuscript focuses on glycolipids produced by various yeast species. The first part describes sophorolipids (SLs), followed by mannosylerythritol lipids (MELs), and finally cellobiose lipids (CBLs) are discussed. Special attention is given to biosynthesis of these molecules and their relation to lipid metabolism.
Sophorolipids

Structure and producing yeasts
Sophorolipids are one of the most intensively studied biosurfactants, which are moreover commercialized by several companies [19] . These amphiphilic molecules consist of the carbohydrate sophorose as the hydrophilic part and a hydroxylated fatty acid tail of 16 or 18 carbon atoms as the hydrophobic part. Sophorose is a glucose disaccharide with an unusual b-1,2-glycosidic bond that after incorporation into SLs can undergo further acetylation at the 6 0 and/or 6″ positions (Fig. 1 ).
Sophorolipids were first described by Gorin et al.
[20] as a mixture of both open, acidic forms and closed, lactonized forms. An extracellular lactone esterase is responsible for creating the latter, governing an internal esterification between the carboxylic end and the 4″-position of the sophorose head [21, 22] . SLs are produced by various nonpathogenic yeasts from the Starmerella clade (Table 2 ) with titers reported of over 300 gÁL
À1
and 70% substrate conversion with S. bombicola ATCC 22214 cultivation [23] . However, other less related species such as the basidiomycetous yeast Pseudohyphozyma bogoriensis, formerly known as Rhodotorula bogoriensis, were also found to secrete these glycolipids [24] . It is, therefore, very likely that other related basidiomycetous species are also capable of secreting SLs.
The structure of SLs strongly depends on the producing organism and culture conditions. Whereas SLs synthesized by yeasts from the Starmerella clade are nearly identical and differences can be observed only in the ratios of lactonic/acidic forms, fatty acid length (in general 16 or 18 carbon atoms), or hydroxylation preferences (terminal or subterminal), SLs produced by P. bogoriensis derogate from this. The sophorose unit is linked to the internal C 13 position instead of the usual (sub)terminal position. Also, C 22 fatty acids form the hydrophobic backbone in contrast to the Rhodococcus erythropolis [13] C 16 /C 18 described earlier. The structure is never lactonized since the position of the hydroxyl group disfavors internal esterification [24] .
SL biosynthesis
Basically, two kinds of building blocks are needed for the biosynthesis of SLs: two glucose molecules and one fatty acid (Fig. 1) . Accordingly, production medium should preferably be supplemented with both a hydrophobic and a hydrophilic carbon source [5] . The hydrophilic carbon source is often added in the medium as glucose or sucrose, but other substrates can be applied as well. If no hydrophobic substrate is provided, the fatty acid backbone of the SL can be synthesized de novo. However, direct incorporation starting form supplemented substrates such as vegetable oil, fatty acids, fatty acid esters, or alkanes turns out to be far more efficient [30, 31] . Since the two best SL producers, S. bombicola and Candida apicola, are equipped with enzymes capable of terminal oxidation of alkanes, these substrates can also be used to generate fatty acids for SL biosynthesis. In the first step, the fatty acids are terminally (x) or subterminally (x-1) hydroxylated by an NADPH-dependent, cytochrome P450 monooxygenase (Cyp52m1; [32] ). This activates the fatty acid for the addition of glucose by glucosyltransferase I, using uridine diphosphate (UDP)-glucose as donor molecule (UgtA1; [33] ). The second glucose is linked to the first via a glucosyl-b-(1,2)-glucosyl linkage by glucosyltransferase II (UgtB1; [34] ). The product of the second glycosylation, a nonacetylated SL, can be further decorated with one or two acetyl groups at the C6 0 or C6″ position of the sophorose moiety. This process is mediated by a specific acetyltransferase (At; [35] ). The SL, acetylated or nonacetylated, is then recognized by a specific plasma membrane ABC-transporter (Mdr) and exported into the extracellular space. This active and very efficient transport is one of the main reasons why high and commercially relevant SL titers are achieved. Once the molecule is out of the cell it can be lactonized through internal esterification between the carboxyl group of the fatty acid and predominantly a sophorose hydroxyl group at C 4 ″. The enzyme responsible for this process has only recently been described and is designated as the cell wall-bound lactone esterase. Moreover, substrate specificity studies revealed that acetylated congeners are preferred over nonacetylated ones for lactonization to occur [22, 36] .
As expected for secondary metabolites, the genes encoding enzymes involved in the biosynthesis of SLs in S. bombicola are clustered and located near the telomere (Fig. 2) . Exeption is the lactone esterase gene, found 2.5 Mb distant from the SL gene cluster [22, 36] . This suggests a separate evolution for the lactonization process, moreover supported by the fact that some strains lack this activity. The cluster organization indicates coregulation of clustered genes; however, no transcription factor, neither within the SL gene cluster nor on the genome, has been identified yet [37, 38] .
SL biosynthesis and lipid metabolism
Glycolipids are partly derived from the lipid metabolism which takes place in the cytosol and requires acetyl-CoA as the core precursor. In nonoleaginous yeasts, acetyl-CoA originates from the mitochondria, whereas in oleaginous yeasts, citrate is the acetyl donor for fatty acid biosynthesis [39] . Under nitrogen limitation conditions, when glucose is the carbon source, acetyl-CoA is derived from citric acid, which is exported out of the mitochondria [40] . Limitation of an essential compound such as nitrogen (but also phosphorus or sulfur) causes degradation of AMP, a crucial cofactor of isocitrate dehydrogenase (ICDH), and at the same time inactivation of this enzyme. As a consequence, ICDH is no longer able to perform the conversion of isocitrate to a-ketoglutarate which leads to accumulation of isocitrate and subsequently citrate in the mitochondria. Both acids are then transported into the cytosol, usually in exchange for malate, where citrate is converted to oxaloacetate and acetyl-CoA (precursor for fatty acid synthesis) by ATP citrate lyase (ACL). This conversion requires ATP consumption and coenzyme A [41] . ACL is an enzyme that so far has been found in all known oleaginous fungi, including S. bombicola [40] . The accumulation of citrate activates acetyl-CoA carboxylase, an enzyme that catalyzes the irreversible carboxylation of cytosolic acetyl-CoA to malonyl-CoA, building block for new fatty acids. The newly formed fatty acid can then be directed to SL biosynthesis. Interestingly, addition of sodium citrate to the SL production medium led to higher total biosurfactant yield and also increased the relative amount of lactonic SLs. St€ uwer et al. (1987) proposed that the controlling role of citrate on SL lactonization in the wild-type S. bombicola is attributed to buffering action and thus its influence on lowering the pH: lactonization is an effect of higher pH values [42] . This theory has been overthrown when the lactone esterase (Sble) was discovered and characterized. A strain overexpressing sble under control of the constitutive strong pki promoter mainly produces lactonic SLs (97%). Interestingly, when wild-type S. bombicola was grown on media lacking the citrate, 95% of acidic SLs were produced, whereas the strain overexpressing sble grown in the same conditions still produced nearly exclusively lactonic SLs (89%), even in the absence of citrate and thus at low pH. These experiments suggest that the regulatory role of citrate in the SL biosynthetic outcome lies somewhere else [19] .
Besides formation of sophorolipids from de novo fatty synthesis input, the lipidic tail can also be provided by supplementation of triglycerides or fatty acids into the production medium, which leads to improved SL yields. Recently, a long-chain fatty acid transporter was discovered. This Fat1p ortholog seems to have a similar function as it has in Saccharomyces cerevisiae; deletion-mutants display impaired growth on minimal medium containing fatty acids and a significant reduction in the uptake of fluorescent fatty acid analogs [43] . Therefore, it is acceptable that this transporter also plays a crucial role in supplying the SL biosynthetic process.
Genetic engineering and production of novel SLs
Physiochemical properties and the accompanying potential applications of glycolipids are determined by their structure. The natural structural variety of SLs is limited to fixed combinations of hydrophilic and hydrophobic parts defined by the natural biosynthetic pathway of the producing microorganism. In order to broaden up the application range of microbial glycolipids and make them more competitive against chemical surfactants in general, their structural variability needs to be expanded. In fact, wild-type SLs are produced as a mixture of closely resembling molecules which can be troublesome for downstream processing and limits their potential for specific applications. Hence, next to broadening the structural range of SLs, controlling which variants occur in the mixture is also beneficial. One way to direct the production toward certain types of SLs is to control the fermentation process. While the hydrophilic part is always a monoacetylated or diacetylated sophorose (using wildtype strain, whatever culture conditions and hydrophobic carbon source), the fatty acid chain length or degree of lactonization can be somewhat controlled by selective feeding of carbon sources. For example, when the alkanes hexadecane, heptadecane, or octadecane are used, more than 85% of SLs are diacetylated lactones. This as opposed to the use of alkyl esters as lipophilic substrates where open acidic SLs are formed [44] . Steering the process by supplying glucose in a certain timeframe is also a possibility; supplying glucose during the entire fermentation process leads to predominantly lactonic SLs, whereas supplying glucose only during the exponential phase leads to a majority of acidic SLs [45] . In addition, the fatty acid composition of the oils used as hydrophobic carbon source also has an influence on the SL structure. On one hand, the fatty acid profile of the carbon source is more or less reflected in the fatty acid moiety of the obtained SLs, with a preference for oleic acid incorporation. On the other hand, do polyunsaturated fatty acids lead to increased formation of acidic SLs [46] .
Regarding certain applications such as cleaning detergents, SLs with a shorter fatty acid (C 12 -C 14 ) are desirable. A shorter fatty acid tail will cause a shift in the hydrophilic/hydrophobic balance of the molecule causing better water solubility and improved surface lowering capacities [47] . As mentioned above, the first step in SL biosynthesis is controlled by the P450 monooxygenase Cyp52m1 which has a clear substrate specificity toward fatty acids of 16-18 carbon atoms [21] . It is, however, possible to shorten the hydrophobic tail of SLs by surpassing the hydroxylation step: medium-chain SLs are obtained when already hydroxylated substrates such as alcohols, diols, and hydroxyl fatty acids are used. Yet, the production yields are still low since these special substrates are readily metabolized via b-oxidation or used for de novo synthesis of hydroxyl C 16 / C18 fatty acids. To avoid substrate degradation, Van Bogaert et al. [48] constructed a S. bombicola strain with a disrupted b-oxidation pathway (mfe2 knockout). Despite that blocking the lipid degradation pathway resulted in three-fold improved medium-chain SL production, the use of special substrates instead of vegetable oils or waste streams is not the favorable cost-effective approach.
Genetic engineering of the production host appears to be the better solution toward production of specific, pure, or completely novel glycolipids. Regarding downstream processing and application potential, there is great interest in the production of solely nonacetylated SLs. First, in comparison to acetylated SLs, nonacetylated variants present lower cytotoxicity, a feature that is crucial for potential use in the biomedical sector. Second, lack of acetyl groups improves water solubility, essential for the detergent industry. Looking at the SL biosynthesis pathway, one would assume that simple knockout of acetyltransferase (at) would provide such nonacetylated SLs; however, knocking out this enzyme led to the production of not only nonacetylated SLs [35] but -rather unexpectedly -also SLs with carbohydrate head groups on both sides, so-called bolaamphiphilic SLs [49] .
Nonetheless, the single knockout strategy did appear to be a very successful approach in order to create strains producing pure acidic or pure lactonic SLs. While exclusive production of the former SLs can be achieved in concentrations comparable to the wild-type strain by S. bombicola Dsble [22, 50] , the strain overexpressing sble secretes over 99% of lactonic SLs (in comparison to 57% in wild-type mixture) in even higher concentration then a wild-type strain. In order to bring the SL complexity even further down, both sble and at knockout were combined into one strain [49] . As a result, the production broth again contained these intriguing bolaamphiphilic SLs, identical as for the Dat S. bombicola, not the expected nonacetylated acidic SLs. Furthermore, the single knockout strategy resulted in a transformant capable of producing glucolipids rather than SLs; only the first of the two glucose units is attached to the fatty acid backbone. To this end, the ugtb1 gene was interrupted [34] . Not only can the hydrophilic head be tailored through genetic engineering of the production host, also the hydrophobic tail of the SLs can be adjusted; by exchanging the C18-prone Cyp52m1 responsible for hydroxylation of the fatty acid with C 16 -specific-P450 enzymes, SLs with shorter fatty acid tails were obtained [51] .
Mannosylerythritol lipids
Structure and producing yeast
Mannosylerythritol lipids represent another promising group of yeast glycolipids that are produced in large quantities. Examples of the best producers are listed in Table 3 . These interesting biosurfactants consist of the mannose molecule linked to an erythritol residue at position 1, forming mannosylerythritol. The hydrophilic head group can be acylated with a short-chain (C 2 -C 8 ) and/or a medium-chain (C 10 -C 18 ) fatty acid ( Fig. 3; [52] ). Although monoacylated and diacylated MELs are the most abundant, variants with an extra third acylation at the terminal hydroxyl group of erythritol have also been produced by some Pseudozyma strains. Furthermore, the mannosylerythritol disaccharide can be diacetylated at both position C 4 and C 6 (MEL-A), monoacetylated at C 4 or C 6 (MEL-B and MEL-C, respectively), or have no acetyl group (MEL-D; Fig. 3; [53] ).
The structure of secreted MELs is species-dependent. It was demonstrated that the production pattern is strongly associated with the taxonomical characteristics of the producer [54] . While MEL-A producing fungi are all in close proximity on the phylogenetic three, MEL-B producer Pseudozyma tsukubaensis is isolated and MEL-C synthetizing fungi seem to be even more distant from other species and do not form a distinct group. Interestingly, Pseudozyma crassa, producer of MEL-A diastereoisomers (erythritol configuration is 2R,3S instead of 2S,3R like in the classic MELs) is clustered closely together with the MEL-A producers, albeit on a separate taxonomic branch [54] . Although MELs were first found as oily components in a culture suspension of Ustilago maydis and the above-mentioned yeasts from the Pseudozyma clade, many other species assembling MELs have been discovered; for example, Schizonella melanogramma (schizonellin; [55] , Geotrichum candidum [56] , and Kurtzmanomyces sp. [57] .
MEL biosynthesis and regulation
Similar to SLs, the biosynthesis of MELs (Fig. 3) is highly induced under nitrogen limitation conditions and involves several enzymes that are found to be cluster organized. With U. maydis to be the first for which the MEL biosynthetic gene cluster was discovered, homologous clusters were also found in Pseudozyma antarctica T-34 [66] , P. antarctica JCM10317 [67] , P. tsukubaensis NBRC1940 [68] , Pseudozyma hubeiensis SY62 [69] , and Pseudozyma aphidis [70] . Despite some small differences between MEL producers, the biosynthetic cluster includes one erythritol/mannose transferase (emt1), two acyltransferases (mac1 and mac2), acetyltransferase (mat1), and glycolipid exporter (mmf1, Fig. 4; [29,71] ).
Although no obvious conserved regulatory motifs were found in the promoter regions of the cluster genes, several GATA sequences were identified in all of them. This suggests that a GATA factor (nitrogen regulator homolog of Aspergillus nidulans, AreA) is involved in regulation of MEL biosynthesis [71] .
The first step in MEL biosynthesis is the mannosylation of erythritol at the C 4 position. This reaction is catalyzed by the glycosyltransferase, Emt1, which requires GDP-activated mannose. Emt1 was the first of the identified enzymes involved in MEL production and its transcription is strongly induced under nitrogen limiting conditions; its RNA could already be detected after 4 hours of incubation in nitrogen starvation medium and reaches maximum activity at 24 h [11] . Similarly, the P. antarctica glycosyltransferase gene pagEMT1 displayed almost 40-fold higher induction than other genes in the cluster in excess of soybean oil and presence of glucose without nitrogen [72] . In the second step of MEL biosynthesis, the newly formed disaccharide mannosylerythritol is acylated with shortand medium-chain fatty acids at positions C 2 and C 3 respectively, by acyltransferases Mac1 and Mac2. The order in which the acylation occurs has not been determined yet, but it is known that Mac1 and Mac2 show different regioselectivity and preference for the length of the acyl-CoA cofactor. In the final step, the acylated MELs are acetylated at C 4 and C 6 of the mannosyl moiety by acetyl-CoA-dependent acetyltransferase Mat1. Deletion of Mat1 resulted in a production of exclusively deacetylated MELs (MEL-D), which suggests that acetylation is not essential for glycolipid secretion [71] . Interestingly, the P. antarctica homologous gene of acetyltransferase mat1, pagMAT1 was not induced under MEL producing conditions indicating a different regulatory mechanism [72] . Finally, the fully assembled MELs are likely to be exported by the Mmf1 transporter. Mmf1 is a plasma membrane transporter belonging to the major facilitator superfamily on the basis of the sequence analysis. It was demonstrated that this exporter is essential for secretion since a Dmmf1 strain was unable to produce extracellular MELs [11] . Moreover, lack of MEL production for Fig. 4 . The MEL biosynthetic cluster of Pseudozyma tsukubaensis NBRC1940, U. maydis UM521, Pseudozyma antarctica JCM10317 and P. antarctica T-34. Erythritol/mannose transferase: emt1; acyltransferases: mac1 and mac2; acetyltransferase: mat1; putative transporter: mmf1 [68] .
Dmac1 or Dmac2 mutants has been linked to probable specificity of the Mmf1 transporter toward glycolipids that are acylated at both positions [71] .
Besides nitrogen, also the type of carbon source can affect MEL biosynthesis, but this time in a speciesdependent way. For example, none of the five MEL biosynthetic genes in P. antarctica were affected by the type of carbon source [73] . However, as already mentioned, the MEL cluster of P. aphidis was strongly induced by addition of soybean oil. Hence, the presence of a hydrophobic substrate is essential for MEL biosynthesis in this species, while for P. antarctica glucose as a sole carbon source is enough to trigger the glycolipid production [74] . These differences suggest that the regulatory mechanism of the glycolipid synthesis evolved differently in these two species. Moreover, different expression levels and/or activity of the enzymes, especially acetyltransferases involved in MEL biosynthesis, might also explain the rich diversity in MEL variants produced depending on the organism.
The hydrophobic moiety of MELs secreted by yeasts consists mostly of medium-chain fatty acids. However, MELs secreted by filamentous fungi U. maydis and S. melanogramma contain mostly long-chain fatty acids. This phenomenon may be attributed to the difference in fatty acid metabolism between yeasts and filamentous fungi. Detailed study on the fatty acid metabolism involved in the biosynthesis of MELs was investigated for P. antarctica. It was demonstrated that medium-length fatty acids are derived from longer ones by partial peroxisomal b-oxidation (chain-shortening pathway; [75] ) and that accordingly, the fatty acid chains from supplemented substrates were shortened by one or more C 2 units. While the known strong inhibitor of de novo fatty acid synthesis cerulenin had a weak effect on MEL synthesis, the addition of b-oxidation inhibitor drastically reduced MEL production [76] . Additionally, when odd-numbered or unsaturated fatty acid methyl esters were used as substrates, the odd-numbered and medium-chain fatty acids, respectively, were detected in MEL production medium. In that respect, it was clear that medium-chain fatty acids were not synthesized via the de novo pathway [75, 77] . Conclusively, there is a particular relationship between the substrate supplemented to the production medium and the final fatty acid composition of the produced MELs. Alternatively, if there is no hydrophobic substrate provided, MEL production is possible from glucose via de novo biosynthesis in P. antarctica. This is in contrast to P. aphidis which is not able to synthesize MELs solely on hydrophilic substrates [78] . This indicates that there are two synthetic pathways for the fatty acid of MELs in P. antarctica.
Rare MELs
The most abundantly produced MELs are the diacetylated variants (MEL-A) that consist of 4-O-b-ᴅ-mannopyranosyl-meso-erythritol as the hydrophilic part and two fatty acyl esters as the hydrophobic part [79] . However, variants with different sugar heads or various lengths and number of hydrophobic chains are also possible. These structural varieties translate in deviating physicochemical properties, which in turn influences their application potential. For instance, a MEL-A related compound that contains an additional, third acyl group on the erythritol moiety was found in the culture medium of P. antarctica and Pseudozyma rugulosa when grown on high amounts, 80 gÁL À1 or more, of soybean oil [80] . These novel tri-acylated MEL-A glycolipids display higher hydrophobicity and lower critical micelle concentration (CMC) compared with the conventional diacylated MEL-A, which gives it an advantage in water/oil emulsification and/or reverse micelle systems [80] . Next to the aforementioned, Pseudozyma parantarctica JCM11752 an excellent MEL producer at higher temperature (106.7 gÁL À1 at 34°C) was also found to secrete high amounts of tri-acylated MELs at 34°C and high soybean oil concentration [59] . While the fatty acids in classic MEL-A are composed of only medium-chain acids (C 8 -C 12 ), the third acyl group in the tri-acylated MELs consists of a long-chain fatty acid (C 16 -C 18 ). This shift in chain length suggests a different input to the MEL biosynthetic pathway than b-oxidation [75] . Secretion of lipases and/or esterases by P. antarctica and P. rugulosa grown on soybean oil may indicate that these enzymes catalyze not only hydrolysis of soybean oil but also esterification of conventional diacylated MELs with an additional free fatty acid present in the culture medium [78] . Moreover, the higher production of tri-acylated MELs by P. parantarctica JCM11752 can be attributed to the fact that activity of the extracellular lipase is highest at 34°C [59] . While cultivation of P. antarctica on high amounts of vegetable oil led to the production of MELs with an extra acyl group, cultivation on high glucose as sole carbon source resulted in the presence of monoacylated MELs. Lack of a second acyl group drastically increased the water solubility without diminishing the surface-active performance [79] . Improved water solubility can also be observed for atypical MELs that possess a much shorter fatty acid chain: C 2 or C 4 at the C 2 0 position of the mannose moiety compared to C 10 that is considered as the standard length. These more hydrophilic glycolipids are produced by Pseudozyma shanxiensis [53] .
Searching for new microorganisms able to secrete MELs led to discovery of not only another good producer but also another rare variant of them: Pseudozyma churashimaensis OK96 isolated from sugarcane turned out to be a great source of the novel tri-acetylated MEL-A; MEL-A2. An acetyl group instead of a medium-chain acyl group at position C 2 0 of the mannose moiety improved the surface activity of the molecule [81] . The number and length of fatty acid chains determine the MELs hydrophobic/hydrophilic balance, and the degree of their saturation and hydroxylation can improve other properties of the glycolipid [82] . Rare, polyunsaturated MEL-A with hexadecatetraenoic acid (C 16:4 ) secreted by P. churashimaensis OK96 fed with cuttlefish oil as the sole carbon source showed enhanced anti-oxidative activities that can be an attractive feature for their use as new anti-aging skin care ingredients [83] .
The hydrophilic part of MELs is generally governed by the substrate specificity and affinity of the glycosyltransferase Emt1. It was demonstrated that sugar alcohols sharing a similar configuration as erythritol are readily accepted by Emt1 to form the corresponding sugar moiety. Thus, cultivation of P. parantarctica in medium containing an excess amount of ᴅ-mannitol gave rise to diacetylated mannosyl-ᴅ-mannitol lipids MDML-A (mannitol instead of erythritol; Fig. 5A ; [60] ). Furthermore, the same strain cultivated on olive oil and ᴅ-ribitol and ᴅ-arabitol led to production of mannosyl-ᴅ-ribitol lipids (MDRL-A) and mannosyl-ᴅ-arabitol lipids (MDAL-A), respectively ( Fig. 5B,C ; [84] ). While it is evident that the number and pattern of the hydroxyl groups at the hydrophobic moiety plays an important role in physiochemical properties determination, the stereochemistry is equally important. This was demonstrated by cultivation of P. tsukubaensis in medium containing an excess amount of optical isomers of ʟ-arabitol. The resulting glycolipid, monoacetylated mannosyl-ʟ-arabitol lipid (MLAL-B), showed unique self-assembling properties and higher CMC than its diastereomer type MEL-B [54] .
Besides searching for new natural MEL producers and testing various substrates, genetic engineering also contributed to the production of rare MELs. Deletion of the gene encoding the acetyltransferase, mat1 in U. maydis, resulted in the exclusive synthesis of nonacetylated MELs (MEL-D) without a negative effect on the overall production capacity [71] . Although the genetic engineering approach is until now limited to that particular example due to the lack of molecular tools, sequencing of the P. antarctica T-34 genome [66] and discovery of MEL gene clusters in other excellent Pseudozyma producers will certainly provide more opportunities for development of novel glycolipids with improved production yield and properties.
Cellobiose lipids
Structure and producing yeast
As the name suggests, CBLs consist of a cellobiose residue and a fatty acid chain. The simplest variant of these glycolipids is represented by the disaccharide cellobiose O-glycosidically linked to the terminal hydroxyl group of tri (2, 15, 16) hydroxyl palmitic acid (Fig. 6 ). More complex forms include decoration of the sugar moiety with an acetyl group and a shortchain b-hydroxy fatty acid. Also here, the diversity of CBLs is determined by the organism producing it. Four major CBL variants can be identified when U. maydis is cultivated on vegetable oil. The differences are in the length of the fatty acid chain (C 6 -C 8 ) linked to either 2,15,16-trihydroxyl hexadecanoic acid or 15,16-dihydroxyl hexadecanoic acid [85] . Additionally, rarely encountered methylated CBLs could also be detected. While the phytopathogenic basidiomycetous fungus U. maydis was the first described producer of CBLs (initially named ustilagic acids UA), there are several other species secreting different types of these glycolipids. Flocculosin, a rare CBL produced by Pseudozyma flocculosa, gives an example of variation in the hydroxylation pattern of the lipid chain and in the carbohydrate decoration. Both UA and flocculosin contain a short-chain fatty acid hydroxylated at the b-position, but the long fatty acid of the first one is hydroxylated at the a-position and the second one in respective b-position [12, 86] . Pseudozyma graminicola [87] Fig. 6 . Structure and biosynthetic pathway of (A) CBLs and (B) flocculosin [85, 93] .
secrete simple CBLs that consist of b-hydroxylated C6 short-chain fatty acid and a-hydroxylated long-chain tail. While Sympodiomycopsis paphiopedili [89] secrete CBLs with no decoration of the sugar head, Trichosporon porosum [90] and Cryptococcus humicola [91] produce CBLs with up to four acetyl groups attached to the cellobiose disaccharide. Interestingly, some minor quantities of C 18 glycolipids with an additional hydroxyl group were also detected in the liquid culture of C. humicola.
CBL biosynthesis
First insights into CBL biosynthesis were provided with the discovery of a cytochrome P450 monooxygenase (Cyp1; [11] ). Further analysis of the genes located directly adjacent to the telomere of chromosome 23 indicated, besides cyp1, nine ORFs to be significantly upregulated by nitrogen depletion, the environmental condition upon which U. maydis starts producing glycolipids. This led to the elucidation of genes responsible for biosynthesis of CBL [85] . As for the other glycolipids discussed here, or secondary metabolites in general, these genes are organized in coregulated cluster. The cluster contains two cytochrome P450 monooxygenases cyp1 and cyp2, acyltransferase uat1, acetyltransferase uat2, fatty acid synthase fas2, glycosyltransferase ugt1, two hydroxylases uhd1 and ahd1, ABC-transporter atr1. The regulation of the cluster is mediated by zinc finger transcriptional factor, Rua1, also located within the cluster (Fig. 7A) . The CBL biosynthetic cluster was a base upon which the flocculosin biosynthesis pathway was elucidated (Fig. 7B) . Moreover, the close phylogenetic relation between U. maydis and flocculosin producer P. flocculosa also suggested a common biochemical pathway. In fact, searching for homologs of the CBL gene cluster led to the discovery of P. flocculosa cytochrome P450 monooxygenase and acetyltransferase corresponding to the U. maydis cyp1 and uat1, respectively [92] . Later on, other genes involved in flocculosin biosynthesis were found to be similar [93] . However, when comparing both clusters one can see that in contrast to the U. maydis cluster, the flocculosin biosynthesis cluster contains an additional acetyltransferase gene (fat3). Also, a gene homologous to the a-hydroxylase ahd1 could not be identified. These differences in gene organization reflect the structural variations between flocculosin and CBL (Fig. 6 ).
The biosynthesis of CBLs begins with terminal (x) hydroxylation of palmitic acid catalyzed by Cyp1 (Fig. 6A) . Next, another P450 monooxygenase, Cyp2, introduces a second hydroxyl group at the subterminal (x-1) position. Subsequently, the cellobiose residue is attached to the resulting hydroxylated fatty acid. Glycosylation is then performed by glucosyltransferase Ugt1 which adds two glucose molecules in a stepwise manner. The resulting CBL can be further decorated by acetylation at the 6 0 position of the proximal glucose residue (action of acetyltransferase Uat2) and by acylation with a short-chain b-hydroxy fatty acid at the distal glucose residue (action of acyltransferase Uat1). Synthesis of this hydroxylated short-chain fatty acid also involves genes located within the cluster: fatty acid synthase fas2 responsible for the FA backbone formation and uhd1 hydroxylase for its b-hydroxylation. In the final step, Ahd1 catalyzes the a-hydroxylation of the C 16 dihydroxy fatty acid. The fully assembled CBL is then recognized by the ABC-transporter Atr1 and exported. Interestingly, Atr1 appears to be quite unspecific since it is able to secrete a broad variety of CBL derivatives that are produced by the U. maydis mutants [85, 93, 94] . Fig. 7 . Organization of (A) CBL biosynthesis gene clusters from U. maydis and (B) flocculosin biosynthesis gene cluster from Pseudozyma flocculosa. Both gene clusters consist of two cytochrome P450 monooxygenases cyp1 and cyp2, acyltransferase uat1/fat1, acetyltransferase uat2/fat2, fatty acid synthase fas2, glycosyltransferase ugt1/fgt1, short-chain fatty acid hydroxylase uhd1/fhd1 and ABCtransporter atr1. Regulation of both clusters is driven by zinc finger transcriptional factor rua1/rfl1. Flocculosin gene cluster contains an additional acetyltransferase gene fat3 and the additional hydroxylase ahd1 can be found in the CBL gene cluster [93] .
Regulation of CBL biosynthesis
As briefly mentioned, the production of CBLs starts under nitrogen depletion. Hence, nitrogen limitation is considered to be a key regulatory player of this biosynthetic pathways. However, it is not an obligatory condition for flocculosin synthesis in P. flocculosa, since doubling the ammonium sulfate concentration in the medium did not delay or inhibit the glycolipid production. Instead, N-consumption stopped after 48 h, despite its omnipresence, and synthesis was initiated anyway. Instead, it was demonstrated that a component of the yeast extract, other than nitrogen, stimulated biomass production, whereas its absence led to flocculosin synthesis [95] . Carbon is another factor that controls the synthesis of glycolipids. When U. maydis is grown on glucose as a sole carbon source, the CBLs are produced, while feeding with fatty acids causes a shift toward MEL synthesis [10] . Glucose is also the preferred carbon source for both flocculosin production and biomass formation [95] . However, the production of the latter was proven to be strongly regulated by P. flocculosa cell density. Higher than the recommended 0.4 gÁL À1 of inoculum not only stopped the synthesis, but the flocculosin concentration started to decrease rapidly. This coincided with a complete consumption of the carbon source. These observations suggested that the fungus was able to catabolize the glycolipid and use it as carbon storage during periods of food limitation [95] . Indeed, the identification of degradation intermediates proved the existence of several enzymes involved in multistep catabolism of flocculosin [96] . Clustered gene organization is very often linked to coregulation of the involved genes. In case of both flocculosin and CBL biosynthetic clusters, the genes' activity is controlled by a zinc finger transcription factor, also located within the cluster (Rua1 and Rfl1, respectively). Teichmann et al. (2010) suggested that transcription regulation by Rua1 occurs by its direct binding to the conserved sequence elements in the promoter regions of the cluster genes and does not require other transcription factors or additional U. maydis proteins [97] . This DNA element serves as an upstream activating sequence (UAS) mediating Rua1-dependent expression: Rua1 binds directly to the UAS of all genes of the cluster, except for rua1 itself.
Genetic engineering to obtain novel CBLs
CBL and flocculosin are used as biocontrol agents in plant diseases. The elucidation of the U. maydis genome sequence [98] and subsequently the discovery of the genetic basis for CBL/flocculosin biosynthesis paved the way to genetic manipulations that may result in strains with improved biocontrol potential and/or higher production titers [99] .There are several hydroxylation steps during the CBL biosynthesis, at the subterminal and either a-position or b-position in CBLs and flocculosin, respectively. Different single enzymes are needed to reach their respective hydroxylation pattern. Therefore, production of novel CBLs with different hydroxylation patterns is possible using appropriate single knockout strains. Accordingly, while U. maydis Dahd1 mutant secretes CBLs lacking the a-hydroxyl group on the long-chain fatty acid, the Dcyp2 U. maydis produces CBLs variants that are not subterminally hydroxylated. Moreover, synthesis of CBLs with a nonhydroxylated short-chain fatty acid is possible with a Duhd1 U. maydis [94] . Production of nonacylated CBLs derivatives was achieved by deletion of the U. maydis uat1; however, besides nonacylated glycolipids, also nonacylated glucolipids (compounds with only one glucose molecule) were recovered. Additionally, some of the glucolipids were also deacetylated [93] . Furthermore, knockout of uat2 led to the production of nonacetylated CBLs; whereas U. maydis mutants overexpressing the P. flocculosa fat3 secrete four derivatives additional to the wild-type UA containing extra acetyl groups [93] .
Finally, the heterologous expression of codon optimized glucosyltransferase ugt1 from U. maydis in replacement for the S. bombicola second glucosyltransferase (ugtB1) resulted in secretion of desired, new-tonature CBLs with a SL-like decoration. However, the main product (70%) of the fermentation broth was glucolipid [100] .
Conclusions and perspectives
Microbial biosurfactants are promising alternatives for their chemically synthesized counterparts. They display many interesting properties, such as low toxicity, biodegradability, and high efficiency. Hence, it is not a surprise that in the light of the rising environmental awareness, these green surfactants regained attention. However, due to high production costs and relatively low yields, their commercialization is fairly limited. While there is obvious interest from the industry, the glycolipid synthesis aspects are also very fascinating from a fundamental research point of view. There has been increasing amount of research done on the fundamental basis of glycolipid biosynthesis, including gene cluster identification and enzyme characterization. However, their regulation and the relation between glycolipid synthesis and the general lipid metabolism are not fully understood yet. In general, nitrogen limitation is believed to play a key role in the induction of glycolipid cluster genes; nevertheless, it has no impact on flocculosin synthesis. Additionally, the specific regulator of the CBL synthesis was found within the biosynthetic gene cluster, but no such gene was discovered for MELs and SLs. The type of carbon source for instance can determine which lipid metabolic route will be employed in glycolipid biosynthesis. In P. antarctica, two fatty acid synthetic pathways are involved in MEL production; the fatty acid chain shortening pathway and de novo fatty acid synthesis. The first is active when grown on a hydrophobic substrate. The second, also commonly occurring among other glycolipid producers, is activated at the presence of glucose. Next to abovementioned, fatty acids for glycolipid biosynthesis can also be derived either from b-oxidation pathway or from specific substrate added to the production medium (direct incorporation). Therefore, product composition depends on producing strain and/or medium composition. Despite continuous improvement of fermentation processes, the most promising breakthrough in the field of biosurfactants is expected to occur on the molecular level: future advances in genomics, transcriptomics, proteomics, and metabolomics will enable to further elucidate the complete biosynthetic pathways and their regulation as well as provide more insights into general lipid metabolism of producing strain. Since lipid metabolism plays a crucial role in glycolipid synthesis, investigation of their mutual relationship seems to be an obvious step to take for further improvement of the producing host and the fermentation process. It could open up perspectives for structural variability, higher yields, and modification of the glycolipid mixture. Larger structural variability and better productivity are indispensable on the way to further industrialization of microbial glycolipids.
